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Proteins of oocysts, sporozoites and merozoites of E imer ia 
falciformis were separated by sodium dodecyl sulfate polyacryl­
amide gel electrophoresis (SDS-PAGE). All stages shared a protein 
of relative molecular weight (M^) 46,000. Shared protein bands 
were those polypeptides which migrated at the same rate but may 
not necessarily be the same protein. Oocysts and sporozoites 
shared seven major proteins between M^ 15,000 and M^ 50,000.
Sporozoites and merozoites shared a major protein of M^ 50,000 and 
four proteins between M^ 85,000 and M^ I 10,000. Oocysts possess 
three unique proteins between M^ 100,000 and M^ 150,000. Sporo­
zoites contained five unique proteins of M^ 15,000, M^ 26,900, M^ 
49,300, Mj. 70,800 and M^ 82,600. Merozoites had three unique 
proteins of M^ I 5,400, M^ 80,500, and M^ 125,000. In western 
blots, oocysts, sporozoites and merozoites displayed no c o m m o n  
antigens when probed with immune sera. Immune sera obtained from 
mice that had been inoculated with oocysts by gavage or intrave­
nously with intact merozoites or intraperitoneally with lysed 
merozoites recognized an antigen of M̂ . 19,000 in merozoite
preparations. Oocysts, sporozoites and merozoites were surface 
radioiodinat ed using lac toper oxidase , separated by SDS-PAGE and 
visualized by autoradiography. Oocysts contained five surface 
proteins, two of which migrated between the 200,000 molecular 
weight marker (MWM) and the 68,000 M W M  and three of M^ 35,300, M^ 
39,300 and M^ 56,300. Sporozoites contained three surface pro­
teins, two of M^ 16,200 and M^ 27,200, and one of which migrated 
between the 68,000 M W M  and the 97,400 MWM. Merozoites had five 
surface proteins of M^ 16,700, M^ 19,200, M^ 37,200, M^ 45,800 and 
M^ 52,100.
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INTRODUCTION
Taxonomic Classification of Eimeria f a Iciformis
Subkingdom: PROTOZOA (Goldfuss 1818, emend. Siebold 1845)
Phylum: APICOMPLEXA (Levine 1970)
Class: SPOROZOEA (Leuckart 1879)
Subclass: COCCIDIA (Leuckart 1879)
Order : EUCOCCIDIIDA (Leger and Duboscg 1910)
Suborder: EIMERIINA (Leger 1911)
Family: EIMERIIDAE (Minchin 1903)
Genus: EIMERIA (Schneider 1875)
Species: FALCIFORMIS (Schneider 1875)
H i s t o r y . Levine (1973) in a hist o r i c a l  r e v i e w  of the 
coccidia states that in 1674 Leeuwenhoek saw the oocysts of 
E i m e r ia stiedai in the bile of a rabbit. Over 150 years 
later the parasite was described by Hake (1839) who believed 
the oocysts to be pus globules originating from liver carci­
noma in rabbits (40). An additional 50 years were required 
b e f o r e  the life cycle of the m o n o x e n o u s  p a r a s i t e  was c o m ­
pletely understood. Kauffman in 1847 described sporulation 
w i t h i n  the o o c y s t  of E i m e r i a stiedai (40). E i m e r  (1870) 
w h i l e  s t u d y i n g  E ^ m e ^ ^ a  _f a_l c i^o r m_i^, w h i c h  he c a l l e d  
Greqarina faIciformis, suggested that oocysts spread infec-
tion from one host to another and the parasite possessed an 
e n d o g e n o u s  cycle d u r i n g  w h i c h  it m u l t i p l i e d  by s c h i z o g o n y 
(40), Greqarina falciform is was renamed Eimeria falciformis 
by S c h n e i d e r  ( 1875 ) and was d e s i g n a t e d  the type species of 
the n e w  genus (40). E i m e r  s theory, a l t h o u g h  correct, m e t  
w i t h  o p p o s i t i o n  from S c h n e i d e r  (1892) and Labbe^(1896) w h o  
m a i n t a i n e d  that the m e r o n t s  and o o c ysts of the p a r a s i t e  
belonged to separate genera, E i m eria and Coccidium, respec­
t ive l y  (40). S u g g e s t i o n s  that the paras i t e  p o s s e s s e s  an 
a l t e r a t i o n  of g e n e r a t i o n s  w e r e  m a d e  in 1890 and 1891 by L. 
P f e i f f e r  and in 1892 by R. P f e i f f e r  (40). They o b s e r v e d  
that Eimeria steidia in the liver of rabbits first multiply 
then produce oocysts. This concept also met with resistance 
until proven correct. In 1895, S c h u b e r g  d e s c r i b e d  the 
entire life c ycle of E i m e r i a  f a l c i f o r m i s  c o n f i r m i n g  the 
works of Eimer, Pfeiffer and Pfeiffer. Members of the genus 
E i m e r i a  are m o n o x e n o u s  o b l i g a t e  i n t r a c e l l u l a r  p a r a s i t e s 
w h i c h  posses an a l t e r n a t i o n  of sexual and asexual g e n e r a ­
tions .
General. The etiologic agents of coccidiosis are api- 
complexans of the genus E i m e r i a , a group of obligate intra­
cellular protozoan parasites. Eimeria falciformis, the type
s p e c i e s  and a p a r a s i t e  of the gut e p i t h e l i u m  of the c o m m o n  
l a b o r a t o r y  m o u s e  (Mus serves as an e x c e l l e n t
m odel for coccidiosis. The E. fa 1c i f o r m i s  s y s t e m  m i g h t  
serve as a m o del for b a s i n g  s i m i l a r  s t u d i e s  w i t h  larger
domestic animals of economic importance (i.e. cattle, sheep, 
poultry, ect.) b e c a u s e  the initial studies w i t h  m i c e  are 
much less expensive and more easily controlled than studies 
on l a r g e r  l i v e s t o c k  a n i m a l s .  S e v e r a l  a s p e c t s  of E. 
fa 1 ci for mi s i n f e c t i o n s  in m i c e  are s i m i l a r  to E. bovi s and 
E. t e n e l 1a infe c t i o n s  in c a t t l e  and poultry, r e s p e c t i v e l y  
(18, 56). Also, the availability of numerous inbred strains
of m i c e  in w h i c h  i m m u n e  r e s p o n s e s  are r e l a t i v e l y  u n i f o r m  
should facilitate immunity studies on E i m eria infections.
Coccidiosis is a disease of major veterinary importance 
which is responsible for the loss of millions of dollars by 
f a r m e r s  and r a n c h e r s  each year. In 1972 F i t z g e r a l d  e s t i ­
m a t e d  a loss of $472 m i l l i o n  to the cattle industry. F u r ­
ther losses of b e t w e e n  $60 m i l l i o n  and $120 m i l l i o n  w e r e  
e s t i m a t e d  as a r e s u l t  of c o c c i d i o s i s  in the p o u l t r y  
industry, w h i c h  spends an a d d i t i o n a l  $35 m i l l i o n  on a n t i ­
cocci d i a l  p r o p h y l a c t i c  d r ugs per year (69). An acute 
intestinal disease, coccidiosis is responsible for the d e ­
struction of the intestinal epithelium of the host, as well 
as diarrhea, w e i g h t  loss, and d e c r e a s e d  p r o d u c t i v i t y  in 
c a t t l e ,  g o a t s ,  s h e e p ,  p i g s  a n d  g a l l i n a c o u s  bird s .  
Coccidiosis is a result of abnormal crowding of the host in 
a l i m i t e d  area w h i c h  e n a b l e s  the host to r e c e i v e  a s u f f i ­
cient number of oocysts to cause it to become ill.
Life cycle. Infection with E i m eria fa1ciformis begins 
with the ingestion of sporulated oocysts by the definitive 
host ( Mus m usculus). Upon arrival of the oocyst in the gut 
of the host, excystation of sporozoites occurs by the action 
of C O 2 f t r y p s i n  and bile (70). S p o r o z o i t e s  e x c y s t  from 
oocysts and penetrate enterocytes of the crypt epithelium of 
the c e c u m  and u pper large i n t e s t i n e  (45). A f t e r  p e n e t r a ­
tion, sporozoites undergo schizogony (merogony), an asexual 
fo r m  of r e p r o d u c t i o n  w h i c h  results in the p r o d u c t i o n  of 
merozoites. M e r o z o i t e s  e s c a p e  from the host enterocyte, 
penetrate other enterocytes and undergo a second generation 
of merogony. Four or five asexual generations occur in the 
life cycle of E. falciformis. Third generation merozoites 
appear f r o m  4.75-5.5 days after i n o c u l a t i o n  (DAI) and w e r e  
used in this investigation (13). At 6 1/2 days after inocu­
lation (DAI) of oocysts fourth or f i f t h - g e n e r a t i o n  m e r o ­
zoites d e v e l o p  into m a l e  and f e m a l e  g a m e t e s  called m i c r o -  
and m a c r o g a m o n t s .  M i c r o g a m e t e s  e s c a p e  from host cells, 
invade other host cells and fertilize macrogametes intracel- 
lularly to form a zygote that d e v e l o p s  into an oocyst. 
O o c y s t s  are r e l e a s e d  in the lumen of the inte s t i n e  and are 
pa s s e d  in the feces. The d e s t r u c t i o n  c a u s e d  by their r e ­
lease gives rise to the clinical s y m p t o m s  of h e m o r r h a g i c  
diarrhea. Oocysts are present in the feces at 7-12 DAI with 
maximun oocyst production occurring on or about 8 DAI (13). 
In aerobic, moderately tempered environments oocysts undergo
s p o r u l a t i o n  (70). S p o r u l a t i o n  (sporogony) results in the 
f o r m a t i o n  of four sporocysts, each w i t h  t w o  s p o r o z o i t e s  
within the oocyst (40). When sporulated oocysts are ingest­
ed by an appropriate definitive host, the cycle begins anew.
Host response. E i m e r ia fa 1 c i f o r m i s  is highly
immunogenic, rendering animals "immune" after initial chal­
lenge (46). I m m u n i t y  to the E i m e r ia refers to the effect 
of the immune system upon subsequent challenge with oocysts 
of the same eliciting species. Immunity may be measured by 
comparing the oocyst-output of infected non-immune animals 
to infected immune animals and/or by testing infected immune 
animals abilities to survive the morbidity or mortality of 
challenge infections. Immunity to the E i m eria is generally 
specie s or strain specific, w i t h  one species or strain 
conf e r r i n g  upon its host no r e s i s t a n c e  or only partial 
resistance to infection with another species or strain (32, 
43 , 56 , 65 , 77 ). J o y n e r  ( 1969 ) e x a m i n e d  t w o  strains of E. 
acervulina and found them to differ not only in their abili­
ty to induce s y m p t o m s  and lesions in c h i c k e n s , but also in 
the nature of the immune state produced by an initial infec­
tion.
The s p e c i f i c  a n t i g e n s  r e s p o n s i b l e  for i m m u n i t y  to 
E i m e r i a  species have not been i d e n t i f i e d  and the n a t u r e  of 
the stages of the parasite possessing these protective anti­
gens has been only p a r t i a l l y  established. Rose et a l .
(1975) used various c o m p o n e n t s  of the oocy s t  as well as 
whole sporozoites of E. m axima to elicit immune responses. 
The oocy s t  wall and o o c y s t  "juice" s t i m u l a t e d  only a poor 
response, whereas intact sporozoites conveyed a high degree 
of immunity. These investigators concluded that the sporo­
zoite portion of the oocyst is responsible for the induction 
of p r o t e c t i v e  i m m u n e  r e s p o n s e s  to E^ m a x i m a . Conversely, 
Long and Millard (1968) hypothesized that sporozoites play 
only a small role in the i n d u c t i o n  of p r o t e c t i v e  i m m u n e  
responses. This conclusion was based on results obtained in 
studies using the sporozoite-inhibiting drugs meticlorpina1 
and methyl ben z o g u a t e , in w h i c h  the w i t h d r a w l  of drugs 
resulted in normal parasite development, indicating that a 
r e s p o n s e  against the s p o r o z o i t e  did not hinder s u b s e q u e n t  
p a r a s i t e  stages. It is g e n e r a l l y  a c c e p t e d  that the later 
endogenous stages of the parasite, particularly merozoites, 
are more active in stimulating the immune response than are 
sporozoites. Indi r e c t  i m m u n o f l u o r e s c e n c e  antibody proce­
dures and infectivity studies have been used to demonstrate 
that second-generation schizonts and merozoites induce i m m u ­
nity w h i l e  the first g e n e r a t i o n  schi z o n t  and the sexual 
stages do not (47, 63, 67). It is likely that m e r o z o i t e s
play a more important role in inducing immunity than sporo­
zoites because they occur in much greater numbers in infect­
ed hosts.
The mechanisms responsible for protection are still not 
understood. Initially, cel1-mediated immune responses were 
b e l i e v e d  to play a m a j o r  role in r e s i s t a n c e  to E i m e r i a  
s pecies b e c a u s e  of the i n a b i l i t y  to e x p l a i n  r e s i s t a n c e  to 
c o c c i d i o s i s  by a n t i b o d y - m e d i a t e d  m e c h a n i s m s .  I n c r e a s i n g  
evidence for cel1-mediated protection is now accumulating 
(61, 64). Cong e n i t a l l y ,  a t h y m i c  m i c e  and rats are m o r e
s u s c e p t i b l e  to p r i m a r y  i n f e c t i o n s  w i t h  E i m e r i a  and do not 
a cquire the s a m e  level of r e s i s t a n c e  to s u b s e q u e n t  i n f e c ­
tions as do e u t h y m i e  c ontrols (47 ,67, 63). De layed-type 
hypersensitivity, a manifestation of cel1-mediated immunity, 
has been well e s t a b l i s h e d  in c o c c i d i a n  infec t i o n s  (20, 36, 
60). Klesius and c o - w o r k e r s  have c o n f e r r e d  p r o t e c t i o n  to 
c o w s  agai n s t  E. bovis and m i c e  a g a i n s t  E. f e r r i s i w i t h  
bovine transfer factor produced in calves immune to E. bovis 
(61). Rose (1974a) noted i n c r e a s e d  m a c r o p h a g e  a c t i v i t y  in 
chickens immune to Ê  ̂ tenel la and ^  m a xima. T-cell derived 
mediators have been found to hinder the asexual development 
of Toxoplasma gondii and Besnoitia jel1isoni, two organisms 
closely related to Eimeria species (9). Recently, Speer et 
al. (1985) found that a lymphokine called E i m eria inhibitory
factor from concavalin-A stimulated bovine T-cells was capa­
ble of i n d u c i n g  b o v i n e  m o n o c y t e s  to inhibit i n t r a c e l l u l a r  
development of E. bovis and E. p a p i 1lata.
A l t h o u g h  it a p p ears the i m m u n e  r e s p o n s e  is T-cell 
dependent and cell mediated, a significant humoral response
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is triggered in the host by infections with E i m eria species 
(46, 68). However, the role of antibody-mediated immunity
in Ei m eria i n f e c t i o n s  is unclear. H u m o r a l  a n t i b o d i e s  are 
s p e c i e s - s p e c i f i c  as e v i d e n c e d  by the i n s i g n i f i c a n t  c r o s s ­
reactivity between murine coccidia (77). Immune sera causes 
alterations in sporozoite morphology, as well as agglutina­
tion, lysis and hinders their ability to penetrate cells and 
d e v e l o p  (26, 44, 58). Rose et al. (1984) in c h a r a c t e r i z i n g  
the antibody response of rats to E. neishulzi found the IgM 
r e s p o n s e  to be r apid but it did not appear upon challenge. 
IgG r e a c h e d  its p e a k  b e t w e e n  2 0 - 3 0  DAI a n d  o f f e r e d  a 
r e s p o n s e  to c h a l l e n g e  infections. IgA was pres e n t  in gut 
w a s h i n g s  a n d  b i l e  a n d  r e s p o n d e d  to c h a l l e n g e .  T h e s e  
responses were virtually non-existant in athymic controls. 
The role of IgG in p r o t e c t i o n  is q u e s t i o n a b l e  since it 
probably has little contact with the humoral system. It is 
possible that the increased vascular permeability caused by 
inflammation may allow some interaction between IgG and the 
parasite, h o w e v e r  (66). The role of IgM, w h i c h  o f f e r s  no 
r e s p o n s e  to challenge, is questionable. Davis (19 7 9) p r o ­
posed that sIgA hinders s p o r o z o i t e  p e n e t r a t i o n  by c a u s i n g  
s p o r o z o i t e s  to a d h e r e  to e x t r a c e l l u l a r  c o m p o n e n t s  of the 
gut. D u r i n g  their p r o l o n g e d  e x p o s u r e  to the m u c o s a l  c o n ­
tents, sporozoites would have been exposed to the actions of 
intestinal enzymes and other factors which probably had an
a d v e r s e  e f f e c t  on their a b i lity to d e v e l o p  after cell 
penetration. H o w e v e r ,  such a m e c h a n i s m  of r e s i s t a n c e  to 
coccidiosis has not yet been firmly established.
Rose (1984) s uggests that a l t h o u g h  the r e s i s t a n c e  to 
r e i n f e c t i o n  is c e r t a i n l y  T-cell dependent, a n t i b o d i e s  
possibly play their part in the immune response as the first 
lines of d e f e n s e  or p o s s i b l e  m o d u l a t o r s  of the c e l l u l a r  
response.
A search for a m o d e  of p r o t e c t i v e  i m m u n i z a t i o n  that 
causes no h a r m  to the host has lead s ome r e s e a r c h e r s  to 
experiment with parenteral inoculation. Most of this work 
has been performed with chickens and chicken coccidia, and 
all is contradictory. S h a r m a  (1*^64) r e p o r t e d  success in 
p r o d u c i n g  n o r m a l  i n f e c t i o n  w i t h  seven strains of avian  
c o c c i d i a  by oral, i n t r a p e r i t o n e a 1, i n t r a v e n o u s  a n d  
intramuscular inoculation, whereas Davies and Joyner (1962) 
were successful with all routes except intramuscular inocu­
lation. Parenteral i n o c u l a t i o n  result in a less severe 
infection which occurs at the normal site in the intestine 
after a normal p r e p a t e n t  p e r i o d  and s e e m  to o ffer less 
protection than oral infections (59, 72).
SDS-PAGE. In 1970, Laemmli described the procedure of 
s o d i u m  dodecyl sulfate p o l y a c r y l a m i d e  gel electrophoresis 
(SDS-PAGE) in the legend of a figure appearing in his paper 
on the bacteriophage T4. It was this brief description that 
introduced a technique that is used in all areas of biologi-
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cal research today. SDS-PAGE separates proteins by m o lecu­
lar w e i g h t  and in c o n j u n c t i o n  w i t h  t e c h n i q u e s  such as 
Western blotting and radioiodination may be used to isolate, 
identify, purify and characterize proteins and to establish 
their role in i m m u n i t y ,  m e t a b o l i s m ,  p h y s i o l o g y  and s t r u c ­
ture. Samples are solubilized in the strong anionic deter­
g e n t  s o d i u m  d o d e c y l  s u l f a t e  (SDS). S D S  d i s r u p t s  t h e  
secondary and tertiary structures of the proteins and binds 
to the p o l y p e p t i d e  chains in a cons t a n t  char g e  to m a s s 
ratio. Therefore, in the SDS-PAGE system, the proteins all 
have the same charge and are separated by molecular weight 
through the molecular sieving action of the gel. The gel is 
a p o l y m e r  of a e r y l a m i d e  c r o s s -1 inked by N,N',- m e t h y l e n e - 
b i s - a c r y l a m i d e  (bis). T h e  f r e e  r a d i c a l  i n i t i a t e d  
polymerization is exothermic with ammon i u m  persulfate acting 
as a f r e e - r a d i c a l  i n i t i a t o r  a n d  N,N,N',N' t e t r a m e t h y -  
l ethylene a m i n e  (TEMED) as a catalyst. I n c r e a s i n g  or 
d e c r e a s i n g  %T (percent aery 1 a m i d e  plus p e r c e n t  bis) in the 
gel decre a s e s  and i n c r e a s e s  the pore size, respectively. 
L a e m m l i ' s  s y s t e m  e m p l o y s  a d i s c o n t i n u o u s  buffer s y s t e m  to 
i ncre a s e  resolution. The gel c onsists of a s t a c k i n g  gel 
w i t h  a large pore size thro u g h  w h i c h  proteins travel 
u n h i n d e r e d  and stack into a thin band b e f o r e  e n t e r i n g  the 
separating gel in which the proteins are resolved. Each gel 
is made with a different buffer which is different from the
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tank buffer, hence a discontinuous buffer system. The rela­
tive mobilities of the denatured, anionic polypeptide chains 
are a log function of their molecular weight. Establishing 
a standard curve with known molecular weight proteins allows 
for the calculation of the relative molecular weights (Mj-) 
of the proteins under investigation.
W e s t e rn b l o t t i ng. In 1975, S o u t h e r n  p e r f o r m e d  the 
first blots, transferring DNA from agarose gels to nitrocel­
lulose. The DNA was immobilized and presented for further 
analysis, a state that revolutionized DNA study by allowing 
for î n situ h y b r i d i z a t i o n  a n a l y s i s  and w h i c h  a p p e a l e d  to 
investigators in other areas of research as well. In 1979, 
T o w b i n  a p p l i e d  Southern's p r o c e d u r e  to proteins. He added 
an e l e c t r i c  c u r r e n t  to force the e l u t i o n  of p r o t e i n s  from 
the gels onto n i t r o c e l l u l o s e  b e c a u s e  Southern's c a p i l l a r y  
transfers were often inefficient. Proteins immobilized on 
nitrocellulose are thought to be bound by hydrophobic inter­
a c t ions and can be subject to a large v a r iety of analyses. 
Their chemical nature, roles in the metabolic processes and 
immunity can be determined.
L a c t o p e r o x i d a s e  iodination. In 1967, M. M o r r i s o n  and 
co-workers published a study that further characterized the 
e n z y m e  l a c t o p e r o x i d a s e  (55). L a c t o p e r o x i d a s e  is a large 
e n z y m e  of 77 , 500 dal t o n s  p o s s e s s i n g  a h e m e  g r o u p  a n d  
containing all the common amino acids. Peptide maps suggest 
it consists of two nearly identical subunits. Lactoperoxi-
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da se is useful in that it c a t a l y s e s  the s u b s t i t u t i o n  of 
radioactive iodide into the ionized tyrosine rings of pro­
teins, radiolabelling them. The heme group of lactoperoxi­
dase g e n e r a t e s  a free radical on the t y r o s i n e  ring of the 
p r o t e i n  to be labelled. This e n z y m e - s u b s t r a t e  c o m p l e x  
serves as an intermediate in the reaction. Lactoperoxidase 
also binds  ̂̂  ̂ I r e n d e r i n g  it m o r e  r e a c t i v e  in this bound 
form (2). This procedure is advantagous in that the result­
ing p r o t e i n s  have a high speci f i c  a c t i v i t y  and no harsh 
o xidant is n e c e s s a r y  to p r o d u c e  the iodide from iodine, so 
there is less loss of a n t i g e n i c  d e t e r m i n a n t s  (27, 31, 81). 
Lactoperoxidase is also useful in that due to its large size 
and nature of its r e a c t i o n  the 1a c t o p e r o x i d a s e - i o d i d e  
c o m p l e x  unable to cross an intact m e m b r a n e  and t h e r e f o r e  
vectorally labels only the surface proteins. Exclusive sur­
face iodination was proven by Phillips and Morrison (1971) 
in a study i n v o l v i n g  h u m a n  erythrocytes. Intact e r y t h r o ­
cytes, isolated stroma and solubilized erythrocyte membranes 
w e r e  all e x p osed to  ̂̂  ̂  I in the p r e s e s n c e  of H 2 O 2 and l a c t o ­
peroxidase. C o m p a r i s o n s  of these s a m p l e s  by S D S - P A G E  and 
autoradiography revealed only one molecular weight class of 
protein was present on the erythrocyte membrane and proved 
only those p r o t e i n s  on the s u r f a c e  of intact e r y t h r o c y t e s  
w e r e  l abelled by l a c t o p e r o x i d a s e  (54). Others have s h o w n  
l a c t o p e r o x i d a s e  e x c l u s i v e l y  labels external p r o t e i n s  by
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comparing them with metabolically labelled preparations (23, 
30) .
Objectives. The objectives of this investigation were :
1. to compare and determine the relative molecular weights 
of specific proteins from oocysts, sporozoites and m e r o ­
zoites of E i m eria falciformis.
2. to determine which antigens may be responsible for the 
humoral immune response.
3. to identify the surface proteins of oocysts, sporozoites 
and merozoites by radiolabel1ing.
R a t i o n a l e . S D S - P A G E  will be used to c o m p a r e  s i m i l a r  
and unique proteins of oocysts, sporozoites and merozoites 
of E_imer_ia fa l c i f o r mis. W e s t e r n  b l o t t i n g  and s u b s e q u e n t 
immunodetection will identify those antigens responsible for 
the humoral immune response. These antigens may be surface 
proteins shared by or unique to various stages of the para­
site. Surface radioiodination will be used for the identi­
fication of surface proteins. The application of all three 
t e c h n i q u e s  will c o n t r i b u t e  to a b e t t e r  u n d e r s t a n d i n g  of 
p a r a s i t e  antig e n s  and their i n t e r a c t i o n  w i t h  the h u m o r a l  
immune response.
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MATERIALS AND METHODS
Parasite. E l m eria falciformis was originally obtained 
f rom Dr. John Ernst (Animal P a r a s i t e  R e s e a r c h  Laboratory, 
USDA, Auburn, Alabama). The p a r a s i t e  was m a i n t a i n e d  by 
p e r i o d i c  p a s s a g e  t h r o u g h  s u s c e p t i b l e  strains of cocc i d i a -  
f r e e  l a b o r a t o r y  m i c e  i n c l u d i n g  R M L  ( R o c k y  M o u n t a i n  
Laboratory) Swiss Webster, Balb/c, Balb/c ByJ, COX/Swiss and 
C57/B10. T hese m i c e  w e r e  h o u s e d  at the U n i v e r s i t y  of 
Montana (Missoula, MT) and Montana State University (Bozeman 
MT), and were provided with food and water ^  1 ibitum.
Oocyst production and collection. Mice were inoculated 
by gavage with 10^ sporulated oocyst of E i m eria falciformis. 
Seven days after i n o c u l a t i o n  (DAI) the i nfected m i c e  w e r e  
placed in cages on wire mesh allowing fecal material to fall 
into a pan of tap water below. Fecal material was collected 
d a ily and oocysts w e r e  c o n c e n t r a t e d  by sugar floatation, 
s p o r u l a t e d  in 2.5% (w/v) K 2 Cr 2 O ̂  i n tap w a t e r  for 3 to 5 
days and cleaned by methods described by Davis (11). Sporu­
lated oocysts w e r e  s t o r e d  at 4^C in 2.5% (w/v) K 2 Cr20-y in 
tap water.
Sporozoite isolation. Sporulated oocysts in phosphate 
b u f f e r e d  saline (PBS) (pH 7.2) w e r e  g r o u n d  w i t h  a m o t o r  
d r i v e n  teflon c o a t e d  tissue g r i n d e r  until at least 75% of 
the o o c y s t s  w e r e  fractured. Oocysts, oocy s t  w a l l s  and 
s p o r o c y s t s  w e r e  w a s h e d  in PBS and t r e a t e d  w i t h  e x c y s t i n g
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fluid (0.25% tryp s i n  1:250, 0.75% s o d i u m  t a u r o c h o 1a t e , pH
7.7) (Gibco, Long Island, NY) (DIFCO, Detroit, MI) for 1 - 
1 . 5  h r  i n  a 3 7 ^ C  w a t e r  b a t h  t o  a l l o w  
for the excystment of sporozoites. The suspension was wash­
ed in PBS (pH 7.2) to r e m o v e  the e x c y s t i n g  fluid then a p ­
plied to a n ylon wool c o l u m n  (Leuco-pak, Fenal Lab, D e e r ­
field, I L ) to s e p a r a t e  the s p o r o z o i t e s  f r o m  oocysts and 
o o cyst d e b r i s  (39). The c o l u m n  e l u a n t  was p r e d o m i n a n t l y  
s p o r o z o i t e s  w i t h  little or no oocysts, oocyst w a l l s  and 
sporocysts.
M erozoite isolation. Animals inoculated for third gen­
eration merozoites received 2 X 10^ sporulated oocysts per 
mouse. On 5 DAI the animals were killed by cervical dislo­
cation and their large intestines removed. Merozoites were 
p r o c e s s e d  as d e s c r i b e d  p r e v i o u s l y  (5, 39). Briefly, the 
intestine was split longitudinally, rinsed 3X by shaking it 
v i g o r o u s l y  in H a n k s '  B a l a n c e d  S a l t  S o l u t i o n  C a l c i u m -  
Magnesium Free (HBSS-CMF) to remove intestinal material and 
then a g i t a t e d  by s t i r r i n g  on a m a g n e t i c  stirrer for 1 m i n  in 
0.1 m M  dithiothreitol (Sigma, St. Louis, MO) in HBSS-CMF to 
r e m o v e  m u c u s  (52). A f t e r  being cut into a p p r o x i m a t e l y  5 
pieces the intestinal s e c t i o n s  w e r e  stir r e d  on a m a g n e t i c  
s t i r r e r  one hr in 0.7 m M  EDTA in H B S S - C M F  to c h e l a t e  d i v a ­
lent c a t i o n s  and r e l e a s e  m e r o z o i t e s  f r o m  lysed i n t estinal 
e p i t h e l i a l  cells. The s o l u t i o n  c o n t a i n i n g  the i n t estinal 
pieces was s t r a i n e d  t h r o u g h  a fine n y l o n  mesh, and then
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a p p l i e d  to a n y l o n  w o o l  c o l u m n  ( L e u c o - p a k ,  F e n a l  
Laboratories, Deerfield, IL) to remove cellular debris and 
to obtain relatively pure merozoites (39).
Normal cel 1 lysate preparation. Lysate of intestinal 
epithelial cells from noninfected mice was prepared for use 
as a norm a l  cell control for s u b s e q u e n t  e l e c t r o p h o r e t i c  
investigation, C o c c i d i a - f r e e  m i c e  w e r e  killed, and their 
large i n t e s t i n e s  r e m o v e d  w h i c h  w e r e  then cut into four 
p i e c e s ,  e a c h  of w h i c h  w a s  c u t  l o n g i t u d i n a l l y .  F e c a l  
material was removed by rinsing the tissue pieces vigorously 
for three 15 sec w a s h e s  in HBSS-CMF. Intestinal sections 
w e r e  stirred for 1 m i n  on a m a g n e t i c  s t i rrer in 1 m M  d i t h i o ­
threitol (Sigma, St. Louis, MO) in HBSS-CMF to remove mucus. 
The luminal surface of each piece of large i n t e s t i n e  was 
scraped w i t h  a glass m i c r o s c o p e  slide in o r der to r e m o v e  
mucosal epithelial cells. The cells were then freeze-thawed 
3X to produce a lysate which was stored at -20°C.
N o r m a serum. C o c c i d i a - f r e e  m i c e  w e r e  a n a e s t h e t i z e d  
w i t h  ether and e x s a n g u i n a t e d  by a x i l l a r y  bleed. The blood 
was p o o l e d  and a l l o w e d  to clot on ice. The clot was rung 
with an applicator stick and centrifuged for 10 min at 2000 
xg to s e p a r a t e  the c e l l u l a r  blood e l e m e n t s  from t he serum. 
The s e r u m  w a s  a 1 i q u oted into 0.25 ml s a m p l e s  and stored at - 
20°C .
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J^mniuno HO_ra. Var iou s i m m u n i z a t i o n  pr o t o c o l s  were e m ­
pl o y e d  to p r o d u c e  three types of i m m u n e  m o u s e  s e r u m . One 
type of immune serum was produced by gavage inoculation of 
oocysts. Mice were inoculated with 10^ sporulated oocysts 
of Eimeria falciformis, and then challenged with 10^ oocysts 
at 21 to 25 DAI. M i c e  w e r e  k i l l e d  27 DAI and their sera 
removed.
The second type of immune serum was obtained from mice 
that w e r e  each i n o c u l a t e d  i n t r a v e n o u s l y  (IV) via the tail 
vein w i t h  10^ live third g e n e r a t i o n  m e r o z o i t e s  and then 
challenged IV with 10^ merozoites at 14 and 17 DAI.
The third type of immune serum was generated by inocu­
lating m i c e  i n t r a p e r i t o n e a 11 y (IP) w i t h  a s u s p e n s i o n  of 
lysed m e r o z o i t e s  (f r e e z e - t h a w e d ) in a 4:1 d i l u t i o n  w i t h  
complete Freund's adjuvant. Mice were boosted IP at 10, 16
and 20 w k s  w i t h  10^ live m e r o z o i t e s  s u s p e n d e d  in 0.2 ml 
HBSS-CMF. M i c e  w e r e  e x s a n g u i n a t e d  three days a f ter the 
final inoculation and the serum was obtained and stored as 
for normal serum.
IqG fractionation. The IgG fraction from both immune 
and normal sera were purified by the procedure of Hudson and 
Hay (25). Briefly, the g a m m a - g l o b u l i n  was p r e c i p i t a t e d  
twice with 45% a mmonium sulfate in distilled water and then 
dialyzed overnight in 0.15 M PBS to remove the salt.
Indirect i m m unof1uorescence procedure. The indirect 
f l u o r e s c e n t  a n t i b o d y  (IFA) t e c h n i q u e  used was s i m i l a r  to
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that d e s c r i b e d  by K o u w e n h o v e n  for s p o r o z o i t e s  of E i m e r i a  
t e n e 11 a (37). Briefly, m e r o z o i t e  a n t i g e n  was p r e p a r e d  by 
placing concentrated suspensions of purified merozoites of 
Eimeria falciformis on multi-welled Toxoplasma slides, which 
w e r e  a i r - d r i e d , fixed in a c e tone and stor e d  at -20*^C in 
plastic slide boxes. Normal or immune serum diluted 1:10 
to 1:640 w i t h  0.15M PBS (pH 7.3) was a p p l i e d  to the m e r o ­
zoite p r e p a r ations, i n c u b a t e d  for 45 m i n  at RT in a m o i s t  
c h a m b e r  and then w a s h e d  in PBS for 5 min. M e r o z o i t e s  w e r e  
then i n c u b a t e d  w i t h  f l u c r e s e e i n - c o n j u g a t e d  goat antimouse 
IgG f r a c t i o n  (heavy and light chains specific) (United 
States B i o c h e m i c a l  Corp., Cleveland, OH) (that had been 
p r e v i o u s l y  d i l u t e d  1:40 in 0.05M PBS) for 30 m i n  at RT in a 
moist chamber. Excess conjugate was removed by rinsing the 
m e r o z o i t e  p r e p a r a t i o n s  t w i c e  in 0.15M PBS and once in 
d i s t i l l e d  H 2 O. A f t e r  the p r e p a r a t i o n s  had air-dried, a 
glass covers lip was applied to each slide with 60% glycerol 
in dH20 and the slides w e r e  then e x a m i n e d  w i t h  a Zeiss 
u l t r a v i o l e t  light m icroscope. D e g r e e  of f l u o r e s c e n c e  was 
rated from - to +4. This information was used to determine 
the appropriate titer of immune serum to be used for probing 
Western blots.
SDS-PAGE. S o d i u m  dodecyl sulfate p o l y a c r y l a m i d e  gel 
e l e c t r o p h o r e s i s  w a s  c a r r i e d  out using the d i s c o n t i n u o u s  
bu f f e r  s y s t e m  (38). Slab gels c o n t a i n e d  7.5-12.5% a e r y 1-
19
amide in the separating gel and 5% acrylamide in the stack­
ing gel. The gels w e r e  p r e p a r e d  f rom a stock s o l u t i o n  of 
30% (w/v) a c r y l a m i d e  and 8.0% (w/v) N ,N - m e t h y l e n e  bis-
a c r y l a m i d e  (BIS). T h e  f i n a l  c o n c e n t r a t i o n s  of the 
separating gels were as follows: 0.0375 M Tris-HCl, pH 8.8,
and 0.002 M EDTA. The polymerized 3 1/2 inch separating gel 
was layered with the 3/4 inch stacking gel, which contained 
the final c o n c e n t r a t i o n s  of 0.125 M Tris-HCl, pH 6.8 and 
0.002 M EDTA. B o t h  g e l s  w e r e  p o l y m e r i z e d  in t h e  gel 
apparatus with 0.05% (v/v) tetramethylethylene amine (TEMED) 
and 0.1% (v/v) of 0.5 M ammonium persulfate the percentages 
corresponding to the final concentration of each gel.
P o l y m e r i z e d  gels w e r e  run at 40 m A  for 2 1/2-3 hr in a 
ru n n i n g  b u f f e r  of 0.025 M Tris, 0.192 M glycine and 0.1% 
(w/v) sodium dodecyl sulfate (Pierce Chemical Co., Rockford, 
IL), removed from the gel apparatus, fixed overnight in 25% 
(v/v) isopropyl alcohol and 7% (v/v) glacial acetic acid in 
distilled water.
Gels w e r e  t r e a t e d  several w a y s  in order to v i s u a l i z e  
the separated proteins. Certain gels were stained by gently 
r o c k i n g  for 1/2 hr in 0.25% (w/v) C o o m a s s i e  B r i l l i a n t  Blue 
(CBB) (Sigma, St. Louis, MO) p r e p a r e d  in the above fixer, 
and then d e s t a i n e d  for a p p r o x i m a t e l y  8 hr until the b a c k ­
g r o u n d  a p p e a r e d  light blue to clear. Other gels w e r e  
stained with the Kodavue Electrophoresis Visualization Kit 
(Kodak, Rochester, NY) or the Bio-Rad silver staining proce-
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dure (Bio-Rad, R i c h m o n d ,  CA). A l t h o u g h  the p r o c e d u r e  
s u g g e s t e d  by B i o - R a d  was employed, all the reage n t s  w e r e  
"home-made". The o x i d i z e r  c o n t a i n e d  0.0034 M p o t a s s i u m  
dichromate and 0.0032 N nitric acid in distilled water, the 
silver reagent w a s  a 0.012 M s o l u t i o n  of silver n i t r a t e  
(Ventron, Alfa Division, Danvers, MA) in distilled water and 
the developer was a 0.28 M solution of sodium carbonate and 
0.5% (v/v) formalin in distilled water.
S i g m a  S D S 7 0 L  Kit (Sigma, St. Louis, MO), S i g m a  SDS200 
K i t  ( S i g m a ,  St. L o u i s ,  MO) a n d  p r e s t a i n e d  s t a n d a r d s  
(Bethesda Research Lab, Bethesda, MD) were used as molecular 
weight markers which represented the range from M W  14,200 
to M W  205,000. S i g m a  S D S 7 0 L  m o l e c u l a r  w e i g h t  p r o t e i n  
standard kit (Sigma, St. Louis, MO) contained the following 
pr o t e i n s  : Bovine albumin, M W  66,000; egg albumin, M W
45,000; g lyceraldehyde-3-phosphate dehydrogenase, M W  36,000; 
ca r b o n i c  anhydrase, M W  29,000; trypsinogen, M W  24,000; 
trypsin inhibitor, M W  20,100; alpha-lactalbumin, M W  14,200. 
Sigma SDS200 (Sigma, St. Louis, MO) molecular weight protein 
s t a n d a r d  kit (Fig. 2) c o n t a i n e d  the f o l l o w i n g  prote i n s  : 
C a r b o n i c  anhydrase, M W  29,000; M W  egg albumin, 45,000; 
b o v i n e  a lbumin, M W  66,000; p h o s p h o r y 1ase B (subunit). M W  
97,400; beta g a l a c t o s i d a s e  (subunit), M W  116,000; m y o s i n  
(subunit), M W  205,000. The p r e s t a i n e d  m o l e c u l a r  w e i g h t  
s t a n d a r d  kit (BRL) had seven p r o t e i n s  rang i n g  in m o l e c u l a r
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weight from 14,300 to 200,000 and contained the following: 
M W  Lysozyme, 14,300; beta-lactoglobulin, M W  18,400; alpha- 
c h y m o t r y p s i n o g e n , M W  25,70; o v a l b u m i n ,  M W  43,000; bovine 
s e r u m  albu m i n ,  M W  68,000; p h o s p h o r y 1ase B, M W  9 7,400; 
myosin (H-chain), M W  200,000.
Approximate molecular weights of parasite proteins were 
calculated from a calibration curve which was established by 
linear regression. The c a l i b r a t i o n  curve e x h i b i t e d  the 
linear relationship between the logarithms of the molecular 
weights of the protein standards plotted against their res­
p e c t i v e  e l e c t r o p h o r e t i c  m o b i l i t i e s  (R^). R ̂  w a s  t h e  
distance of protein migration divided by the distance of the 
tracking dye migration.
^ampl^e p r é p a rât ion. S p o r u l a t e d  oocysts, sporozoites, 
m e r o z o i t e s  a nd n o r m a l  cell lysate w e r e  w a s h e d  in a p o t a s ­
s i u m - f r e e  b u f f e r  and w e r e  s o l u b i l i z e d  in 2% (w/v) s o d i u m  
dodecyl s u l fate (SDS) (Pierce C h e m i c a l  Co., Rockford, IL), 
10% (v/v) glycerol, 0.0625 M Tris-HCl, pH 6.8 w i t h  4% (v/v) 
2-mercaptoethanol (the solubilizing solution) and incubated 
at lOO^C for 15 min. All s a m p l e s  w e r e  titrated and the 
following concentrations were found most suitable for appli­
cation to SDS-PAGE; 6 X 10^ o o c y s t s  per 3 m m  X 1.5mm well, 4 
X 10^ s p o r o z o i t e s  per 3 m m  X 1.5mm well, 4 X 10^ m e r o z o i t e s  
per 3mm X 1.5mm well. Sample concentration was adjusted to 
give sample sizes of 5-lOjul per well.
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Since the above m e t h o d  did not a d e q u a t e l y  s o l u b i l i z e  
o o c y s t s  (perhaps due to the o o c y s t  wall), the f o l l o w i n g  
s o l u b i l i z a t i o n  p r o c e d u r e  was used for oocysts. S p o r u l a t e d  
oocysts were treated with 5.25% sodium hypochlorite for 20 
min, and then w a s h e d  t h o r o u g h l y  in tap water. Equal 
v o l u m e s  of s o l u b i l i z i n g  s o l u t i o n  and w a s h e d  glass beads 
(0.45-0.5 m m  dia.) w e r e  a d d e d  to t h e  o o c y s t s  a n d  the 
c o m b i n a t i o n  was m i x e d  on a V o r t e x  m i x e r  for 15 min. The 
s u s p e n s i o n  of g l a s s  b e a d s ,  s o l u b i l i z i n g  s o l u t i o n  a n d  
disrupted oocysts was boiled for 30 min.
Normal cell lysate was pelleted to fill the conical tip 
of a 1.5 ml microcentrifuge tube then solubilized in 0.5 ml 
solubilizing solution at lOO^C for 15 min.
W e s t e r n B l o t ting. W e s t e r n  b l o t t i n g  was p e r f o r m e d  by 
the e l e c t r o p h o r e t i c  t r a n s f e r  of p r o t e i n s  s e p a r a t e d  on SDS 
p o l y a c r y l a m i d e  g e l s  to a n i t r o c e l l u l o s e  m e m b r a n e  as 
o r i g i n a l l y  d e s c r i b e d  by T o w b i n  et. al. (1979) and in a Bio- 
Rad T r a n s - B l o t  Cell (Bio Rad, Richm o n d ,  CA). A t r a n s f e r  
bu f f e r  of 25 m M  Tris, 192 m M  glycine, 20% (v/v) m e t h a n o l  w a s  
employed. S e v e n t y  volts w e r e  a p p l i e d  to the w a t e r  cooled 
Bio Rad Trans Blot Cell for 4-5 hr to complete the transfer 
of the protein from the gel to the nitrocellulose sheet. The 
nitrocellulose sheet was fixed in 20% methanol, 10% acetic 
ac i d  in d i s t i l l e d  w a t e r  for 15 min, r i n s e d  2X in d i s t i l l e d  
water, allowed to air dry and was stored at -20°C in an air 
ti g h t  bag (28).
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Detection of proteins on nitroce11u 1ose. Nitrocellulose 
sheets which had been blotted from single welled gels were 
cut into 4 m m  strips. One strip was stained in an a m i d o  
b lack s o l u t i o n  (0.1% (w/v) a m i d o  black (Sigma, St. Louis, 
MO), 45% (v/v) methanol, 10% (v/v) a c e t i c  acid in d i s t i l l e d  
water) and destained in 90% (v/v) methanol, 2% (v/v) acetic 
acid in distilled water to visualize total protein binding 
(71). O ther n i t r o c e l l u l o s e  strips were expo s e d  to horse 
radish p e r o x i d a s e  c o n j u g a t e d  rabbit a n t i - m o u s e  IgG (heavy 
and light chains specific) (United States Biochemical Corp., 
Cleveland, OH) in order to detect immunospecific binding of 
a n t i g e n i c  p r o t e i n s  on the nitrocellulose. The p r o c e d u r e  
e m p l o y e d  was m o d i f i e d  from several p u b l i s h e d  p r o c e d u r e s 
(Vector Laboratories, Burlingame, CA, from Immunodetection 
of antigens on nitrocellulose using the Vectastain ABC kit; 
N e w  E n g land Nuclear, Boston, MA, from R e s e a r c h  tips- 
E l e c t r o p h o r e t i c  t r a n s f e r  and d e t e c t i o n  of p r o t e i n s  using 
Genescreen; 22; 29). Nitrocellulose strips were incubated
in bovine lacto transfer technique optimizer (BLOTTO) for 1 
hr to bind unreacted sites on the nitrocellulose. BLOTTO is 
5% (w/v) Carnation non-fat dry milk, 0.01% (v/v) Antifoam A
(Sigma, St. Louis, MO), 0.0001% th i m e r o s a 1 (Sigma, St. 
Louis, MO) p r e p a r e d  in 10 m M  s o d i u m  phosphate, 0.9% s o d i u m  
c h l o r i d e  (pH 7.4) (VPBS). A 1:20 d i l u t i o n  of i m m u n e  s e rum 
raised by gavage inoculation of E^ falciform is oocysts or IV
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i n o c u l a t i o n  of E. f a l c i f o r m i s  m e r o z o i t e s  and a 1:160 d i l u ­
tion of immune serum raised by IP inoculation of merozoites 
was d i l u t e d  in B L O T T O  and a p p l i e d  to the n i t r o c e l l u l o s e  
strips o v e r n i g h t  at 4^C in a m o i s t  chamber. Strips w e r e  
rins e d  in three 15 m i n  w a s h e s  of 0.05% (v/v) T w e e n  20
(Sigma, St. Louis, MO) in VPBS, and i n c u b a t e d  in a m o i s t  
c h a m b e r  w i t h  a 1:400 d i l u t i o n  of c o n j u g a t e d  a n t i b o d y  in 
B LOT T O  at RT for 1 hr. The strips w e r e  then r i nsed w i t h  t w o  
15 min washes in VPBS and two 15 min washes in 0.05 M Tris- 
HCl/ 0.2 M NaCl (pH 7.4), i n c u b a t e d  for 1 hr at RT in a 
peroxidase substrate solution (3 m g / m 1 4-chloro-1-napthanol 
in m e t h a n o l  in 10 ml 0.05 M T r i s - H C l /  0.2 M NaCl, (pH 7.4) 
and 5 jal 30% H 2 O 2 ), w a s h e d  t w i c e  in d i s t i l l e d  w a t e r  and 
a l l o w e d  to air dry. The e n t i r e  p r o c e d u r e  was p e r f o r m e d  
under constant agitation in a one piece plexiglass tray (79) 
prepared by Montana State University technical services.
Molecular weights of proteins detected by the peroxi­
d ase c o n j u g a t e d  a n t i b o d y  w e r e  c a l c u l a t e d  f r o m  p r e s t a i n e d  
molecular weight m a r k e r s  (Bethesda R e s e a r c h  Laboratories, 
Bethesda, MD) which had been transferred to the nitrocellu­
lose from a SDS-polyacrylamide gel.
L a c t o p e r o x i d a s e iodination. Oocysts, sporozoites and 
m e r o z o i t e s  w e r e  surface r a d i o - i o d i n a t e d  using the e n z y m e  
1actopero x i d a s e .  F i f t y  to o n e - h u n d r e d  m i l l i o n  oocysts, 
s p o r o z o i t e s  o r  m e r o z o i t e s  w e r e  e a c h  p e l l e t e d  in a 
microcentrifuge tube and resuspended in 1 mg/ml lactoperoxi-
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d a s e  ( Siama, St. Louis, MO) in 0.15 M PBS (pH 7.4). A 1 0 ”  ̂
M s o l u t i o n  of p o t a s s i u m  iodide w a s  added to the tube f o l ­
lowed by approximately 300 pCi of carrier-free ^^^I-Nal (New 
En g l a n d  Nuclear, Boston, MA) f r o m  a stock s o l u t i o n  of 50 
/aCi/;al 0.15 M PBS (pH 7.4). The s o l u t i o n  was m i x e d  on a 
V o r t e x  m i x e r  and a l i q u o t s  of freshly p r e p a r e d  0.6% H 2 O 2 in 
0.15 M PBS (pH 7.4) w e r e  a d d e d  at i n tervals (T) of 0, 2.5, 
5.0, 7.5 and 10 min. T h e  v o l u m e  of H 2 O 2 was kept low so as 
not to e x c e e d  8 m M  in the r e a c t i o n  vessel (49). At 12.5 
min; cold 0.15 M PBS (pH 7.4) c o n t a i n i n g  0.005 M cyste i n e -  
HCl was a dded to quench the r e a c t i o n  and the m i x t u r e  was 
c e n t r i f u g e d  for 10 m i n  at 250g. The pellets were w a s h e d  
tw i c e  in cold P B S - c y s t e i n e - H C l  and once in cold 0.15 M PBS 
(pH 7.4) and then solubilized at RT as previously described. 
Sa m p l e s  w e r e  c o u n t e d  on the  ̂̂  ̂  I channel of a T r i c a r b  460C 
liquid s c i n t i l l a t i o n  c o u n t e r  (Packard, D o w n e r s  Grove, IL) 
and applied to SDS-polyacry1amide gels at 10^ counts/well.
Gej^ d r y i n g  a n d  a u t or ad_i o g r  a p h y . G e l s  c o n t a i n i n g  
iodinated samples were dried onto filter paper in a BioRad 
slab gel dryer (BioRad, Richmond, CA) under the vacuum of a 
Virtis freeze dryer (Virtis, Gardiner, NY) at 80^C. Gels 
were pretreated in several ways to minimize cracking during 
dehydration. S o m e  gels w e r e  p r e t r e a t e d  o v e r n i g h t  in 55% 
MeOH, 2% g l y c e r o l  in d i s t i l l e d  w a t e r  as d e s c r i b e d  in the 
p r o c e d u r e  for t h e  G D S - 4  s l a b  gel d r y e r  ( P h a r m a c i a ,
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Pscataway, NJ). This solution was changed once during that 
period. Other gels were rinsed in 20% glycerol in distilled 
wa t e r  for 15 m i n  b e f o r e  d r y i n g  and others w e r e  rinsed in 
distilled water twice to remove the acetic acid.
Dry gels w e r e  e x p o s e d  to Kodak X - O M A T  AR X - ray film 
(Kodak, Rochester, NY) for 5 to 24 hr. A u t o r a d i o g r a p h y  was 
p e r f o r m e d  at -70^C in c o n j u n c t i o n  w i t h  Corn e x  lightening 
plus intensifying screens (Dupont, Wilmington, DE). Exposed 
film was developed in Kodak GBX developer (Kodak, Rochester, 
NY) for 5 min under constant agitation, washed for 1 min in 
2 0°C tap water, fixed in Kodak Rapid Fix (undiluted) (Kodak, 
Rochester, NY) for 5 min, w a s h e d  20 m i n  in 20^C tap water. 
The developed film was dipped in Kodak photoflo 200 (Kodak, 
Rochester, NY) and was allowed to air dry.
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RESULTS
Indirect i m m u n o f 1uorescence. The indirect immunofInc­
rescent antibody (IFA) test demonstrated the IgG immunoglob­
ulin fraction of all three immune sera reacted specifically 
with the antigens of E.falciformis merozoites. This proce­
dure w a s  also used to e s t a b l i s h  the a p p r o x i m a t e  titers of 
the immune serum to determine the dilutions for the immuno- 
s pecific d e t e c t i o n  of p r o t e i n s  on nitrocellulose. I m m u n e  
serum raised by gavage inoculation of oocysts had a titer of 
1:80. S e r u m  p r o d u c e d  by IV i n o c u l a t i o n  of live m e r o z o i t e s  
had a titer of 1:60 w h e r e a s  i m m u n e  s e r u m  p r o d u c e d  by IP 
inoculation of lysed merozoites in Freund's complete adju­
vant had a titer of 1:320. M e r o z o i t e s  e x p o s e d  to n o r m a l  
serum exhibited no fluorescence. Merozoites exposed to the 
pu r i f i e d  IgG f r a c t i o n  of the three i m m u n e  sera w h i c h  had 
been precipitated with 45% a m m o n i u m  sulfate and resuspended 
in PBS also exhibited no fluorescence.
SDS-PAGE. SDS-polyacrylamide gel electrophoresis was
used to i d e n t i f y  shared or unique p o l y p e p t i d e  bands of 
oocysts, sporozoites and merozoites. Shared protein bands 
are those p o l y p e p t i d e s  w h i c h  m i g r a t e  at the s ame rate but 
are not necessarily the same protein. Intestinal epithelial 
cell lysate w a s  also a p p l i e d  to the gels to i d e n t i f y  m o u s e  
proteins that may be present in the merozoite preparation as 
contaminants. Contaminating proteins were of low molecular 
weight (Fig. 4). Oocysts, sporozoites and merozoites shared
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major protein bands but each parasite stage also had several 
unique protein bands. Major protein bands were regarded as 
those staining most intensely with the quantitative stain 
Coomassie blue.
Polyacrylamide gels containing 11% acrylamide were used 
to investigate E_̂  f alcif ormis proteins of molecular weights 
f r o m  M W  14,200 to M W  66 ,000 (Fig. 4). A single m a j o r  p r o ­
tein band was shared by all stages of ^  ^aj^c_i^qrmi.^ of M̂ .
46,000 (Figs. 4,5). All protein bands shared by oocysts and 
spor o z o i t e s  had m o l e c u l a r  w e i g h t s  less than this c o m m o n  
band. Oocysts and sporozoites shared 7 major protein bands 
of M^ 44 ,900 , Mj.37 ,300 , M̂ _ 34 , 700 , M̂ _ 24 ,500 , Mj. 21,300, M^
19,400 and M^ 18,900 (Fig. 4). Sporozoites and merozoites 
shared only one protein of Mj. 50,400,
Those prote i n s  w i t h  a p a r t i c u l a r  m i g r a t i o n  d i s t a n c e  
that appear in only the oocyst, s p o r o z o i t e  or m e r o z o i t e  
p r o t e i n  p r o f i l e s  are r e g a r d e d  as unique to that p a r a s i t e  
stage. Oocysts exhibited no unique protein bands less than 
M W  66,000. Sporozoites had three unique protein bands of M̂ _ 
49,300, Mj, 26,900 and M̂ . 15,000 whereas merozoites exhibited 
only one unique band less than M W  66,000, of M^ 15,400 (Fig. 
4) .
SDS-polyacrylamide gels of 7.5% acrylamide in conjunc­
tion with molecular weight protein standards from M W  29,000 
to M W  205,000 w e r e  used to identify s h a r e d  and u n i q u e  p r o ­
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tein bands g r e a t e r  than M W  66 ,000 (Fig.5). Oocysts and 
s p o r o z o i t e s  had no p r o t e i n s  of a s i m i l a r  m o l e c u l a r  w e i g h t  
greater than 66,000. Four of the five shared protein bands 
b e t w e e n  s p o r o z o i t e s  and m e r o z o i t e s  had m o l e c u l a r  w e i g h t s  
g r e a t e r  than 66,000; they w e r e  M^ 86,900, M^ 93,900, 
98,900 and 107,000 (Fig. 5).
All u n i q u e  o o c y s t  p r o t e i n  bands w e r e  g r e a t e r  than M W  
66 ,000 being M^ 137,000, Mj. 116,000 and M̂ . 103,000 (Fig.5). 
Sporozoites had two unique protein bands of M^ 82,600 and M̂ . 
70,800 (Fig.5). Two of three unique merozoite protein bands 
had molecular weights greater than M W  60,000 and had rela­
tive mobilities of 125,000 and 80,500 (Fig. 5).
I m m u n o d e t e c t i o n of a n t i g e n s  on n i t r o c e 11u 1ose. O o ­
cysts, s p o r o z o i t e s  and m e r o z o i t e s  g ave s t a g e - s p e c i f i c  
r e actions to each i m m u n e  s e r u m  (Figs. 8-10). The three 
immunization protocols displayed varied immunospecific reac­
tions (Figs. 9-11).
Molecular weights were calculated for blots as well as 
autoradiographs from a calibration curve established using 
p r e s t a i n e d  m o l e c u l a r  w e i g h t  m a r k e r s  (Bethesda R e s e a r c h  
Laboratories, Bethesda, MD) on a 12.5% acrylamide gel (Fig. 
3). The standards which ranges from M W  200,000 to M W  14,300 
w h e r e  run on a 12.5% gel and did not retain their linear 
r e l a t i o n s h i p  w h e n  p l o t t e d  the log m o l e c u l a r  w e i g h t  vs 
(Fig. 3). The deviance from linearity made it impossible to 
extrapolate molecular weights from the standard curve (15,
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50 , 73 , 80). A linear r e l a t i o n s h i p  was m a i n t a i n e d  from M W  
14,300 to M W  68,000 through which a standard curve was drawn 
to c a l c u l a t e  r e l a t i v e  m o l e c u l a r  weights. P roteins w i t h  a 
m o l e c u l a r  w e i g h t  g r e a t e r  than 68,000 w e r e  recor d e d  by 
d o c u m e n t i n g  their m o b i l i t y  r e l a t i v e  to the p r e s t a i n e d  
markers.
Oocysts, s p o r o z o i t e s  and m e r o z o i t e s  d i s p l a y e d  stage- 
specific reactions to immune serum (Figs. 6-8). Oocysts and 
s p o r o z o i t e s  shared t w o  p r o t e i n s  of high m o l e c u l a r  w e i g h t  
which were present upon treatment by all three immune sera 
(Figs. 6-8). The p r o t e i n  w i t h  the larger m o l e c u l a r  w e i g h t  
migrated between the 97,400 molecular weight marker (MWM) 
and the 68,000 M W M  whereas the protein with the lower m o l e ­
cular weight migrated to just below the 68,000 M W M  (Fig. 6- 
8). These p roteins a p p e a r e d  as less d i s t i n c t  bands on the 
oocyst strips than on the sporozoite strips.
The t w o  high m o l e c u l a r  w e i g h t  p r o t e i n s  shared by o o ­
cysts and sporozoites discussed above were the only antigens 
shared by the three p a r a s i t i c  stages w h e n  strips w e r e  
t r e a t e d  w i t h  i m m u n e  s e r u m  raised by g a v a g e  i n o c u l a t i o n  of 
mice with oocysts of E. falciformis (Fig. 6), IV inoculation 
w i t h  live m e r o z o i t e s  (Fig 7) or IP i n o c u l a t i o n  w i t h  lysed 
m e r o z o i t e s  (Fig. 8). Oocysts, s p o r o z o i t e s  and m e r o z o i t e s  
shared no low molecular weight antigens although each stage 
exhibited distinct low molecular weight bands when treated
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w i t h  each i m m u n e  s e r u m  (Figs. 6-8), M e r o z o i t e s  shared no 
antigen with oocyst or sporozoites.
The three i m m u n i z a t i o n  protocol d i s p l a y e d  v a ried 
i m m u n o s p e c i f i c  r e a c t i o n s  (Figs. 9-11). All three i m m u n e  
sera reacted with two proteins one which migrated just above 
and one which migrated just below the 68,000 M W M  on oocyst 
p r e p a r a t i o n s  (Fig. 9, lanes a ,b ,c ). O o c y s t  strips treated 
with immune serum raised by gavage inoculation (Fig. 9, lane 
a) shared an a n t i g e n  of Mj. 17,900 w i t h  o o c y s t  t r e a t e d  by 
i m m u n e  s e r u m  raised by IV i n o c u l a t i o n  of lysed m e r o z o i t e s  
(Fig. 9, lane b). Lane b e x h i b i t e d  an a d d i t i o n a l  unique 
protein of r e l a t i v e  m o l e c u l a r  w e i g h t  18,500. The i m m u n e  
serum raised by IP inoculation with lysed merozoites reacted 
w i t h  t w o  unique prot e i n s  of M .̂ 20,800 and M^ 19,600 and 
shared no low molecular weight proteins with lanes a or b.
Sporozoite strips showed an area of similar peroxoidase 
development when treated with all three immune sera from the 
top of the n i t r o c e l l u l o s e  strips to a point of m i g r a t i o n  
near the 68,000 M W M  (Fig. 10, lanes a, b, c). W i t h i n  this 
common region, two distinct antigenic proteins were present. 
One protein migrated between the 97,400 M W M  and the 68,000 
M W M  w h i l e  the other m i g r a t e d  to a p o i n t  just b e l o w  the
68.000 M W M  and m a r k e d  the end of the c o m m o n  region. T w o  
areas r e m a i n e d  w h i t e  w i t h i n  the s t a i n e d  c o m m o n  region and 
appeared near the origin of the separating gel and near the
200.000 M W M  (Fig. 10, lanes a , b , c ). The i m m u n e  s e r u m  pro-
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d uced by g a v a g e  i n o c u l a t i o n  (Fig. 10, lane a) shared a 
p r o t e i n  of 24 ,800 w i t h  that i m m u n e  s e r u m  raised by IP
inoculation (Fig. 10, lane c). The only unique proteins,
47,000 and 41,200, a p p e a r e d  on the strip t r e a t e d  w i t h  
gavage induced immune serum (Fig. 10, lane a).
Merozoites showed a similar banding pattern above a p ­
p r o x i m a t e l y  M W  68,000 w h e n  treated w i t h  all three i m m u n e  
sera (Fig. 11). Unlike oocysts, but similar to sporozoites, 
distinct protein bands appeared in the common region. Three 
d i s t i n c t  b ands at the end of the c o m m o n  r e gion w e r e  d i s ­
played upon t r e a t m e n t  w i t h  all three sera and a p p e a r e d  
b e t w e e n  the 97 ,400 M W M  and 68,000 M W M  (Fig. 11, lanes 
a,b,c). Immune serum raised by gavage inoculation (Fig. 11, 
lane a) or by IP i n o c u l a t i o n  (Fig. 11, lane c) r e c o g n i z e d  
common proteins of decreasing molecular weights beyond this 
point w i t h  a m a j o r  p r o t e i n  of M^ 48,300 at the t e r m i n a t i o n  
of their c o m m o n  region. All three sera r e a c t e d  w i t h  a 
c o m m o n  p r o t e i n  of M̂ _ 19 ,000 (Fig. 11, lanes a,b,c). I m m u n e  
s e r u m  r a i s e d  by IV i n o c u l a t i o n  (Fig. 11, lane b) shared a 
c o m m o n  a n t i g e n  w i t h  lane c of M^ 29,900 and lane a d i s p l a y e d  
a unique band of relative molecular weight 20,700 (Fig. 11).
Nitrocellulose strips containing oocysts, sporozoites, 
merozoites and normal cell lysate exhibited no protein bands 
w h e n  t r e a t e d  w i t h  n o r m a l  serum. N o r m a l  cell lysate w h i c h  
was transferred from gels to nitrocellulose exhibited faint
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b a n d s  o f  h i g h  m o l e c u l a r  w e i g h t  i n f r e q u e n t l y  a n d  
i n c o n s i s t a n t 1y w h e n  t r e a t e d  w i t h  the three i m m u n e  sera. 
Normal cell lysate used as antigen and normal sera as anti­
sera were used as normal controls.
A u t o r a d iography. R a d i o - i o d i n a t e d  oocysts e x h i b i t e d  
three major surface proteins with relative molecular weights 
of 35,300/ 39,200 and 56,300 and a m a j o r  surface p r o t e i n
which migrated to a point between the 200,000 M W M  and 97,400 
M W M  and another which migrated to a point between the 97,400 
M W M  and 68,000 M W M  (lane a. Fig. 12). E s t i m a t e s  of the 
r e l a t i v e  a m o u n t s  of these p r o t e i n s  w e r e  m a d e  by c o m p a r i n g  
i nte n s i t i e s  of their bands. Those prote i n s  p r o d u c i n g  the 
m o s t  intense band p o s s e s s  the m o s t  r a d i o a c t i v i t y  and w e r e  
p r e s u m e d  to have the h i g h e s t  d e g r e e  of label l i n g  and the 
most p r o t e i n  present. The p r o tein of M 56,300 and the 
protein migrating between the 97,400 M W M  and the 68,000 M W M  
w e r e  the most intense w h i l e  the h i g h e s t  m o l e c u l a r  w e i g h t  
band had an intermediate intensity and the lowest molecular 
w e i g h t  p r o t e i n s  w e r e  the least intense (lane a. F i g . 12).
Sporozoites had three labelled protein of relative molecular 
weights 27,200 16,200 and a third that migrated between the
97,400 M W M  and the 68,000 MWM, The heaviest two sporozoite 
proteins had an equal medium intensity and the protein of M̂  ̂
16,200 was less intense (lane b. Fig. 12). M e r o z o i t e s  
exhibited five protein bands of equal low intensity and one 
band of medium intensity. Low intensity bands had relative
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m o l e c u l a r  w e i g h t s  of 52,100, 45,800, 37,200, 19,000 and
16,700 (lane c. Fig. 12). The m e d i u m  i n t e n s i t y  bands had 
the lowest relative molecular weight of the merozoite pro­
teins, 13,500 (lane c. Fig. 12). S p o r o z o i t e s  and o o c ysts 
shared a p r o t e i n  w h i c h  m i g r a t e d  b e t w e e n  the 97 ,400 da 1ton 
M W M  and the 68,000 MWM. The common protein was more intense 
in the o o c y s t  p r e p a r a t i o n  (compare lanes a and b. Fig. 12). 
All samples contained radioactive material that remained in 
the wells at the origin of the tracks.
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Plate 1. Calibration curves established for the estimation 
of the m o l e c u l a r  w e i g h t  of u n k n o w n  p r o t e i n s  on SDS- 
polyacrylamide gels.
Figure 1. M o l e c u l a r  w e i g h t  (M) on a s e m i l o g  scale was  
plotted versus relative m o b i l i t y  (R^) to e s t a b l i s h  a 
calibration curve from which the molecular weights of 
proteins on an 11% acrylamide gel were calculated.
Figure 2. Graph showing the linear relationship between the 
log of the molecular weight (M) versus relative m o b i l i ­
ty (R^) w h ich was used as the c a l i b r a t i o n  c u rve for 
proteins from 66,000 da 1tons to 205,000 d a l t o n s  on a 
7.5% acrylamide gel.
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Plate 2. Deviation from the linear relationship between log 
of the m o l e c u l a r  w e i g h t  versus r e l a t i v e  m o b i l i t y  of 
high m o l e c u l a r  w e i g h t  proteins on a 12.5% a c r y l a m i d e  
gel .
Figure 3. Graph of m o l e c u l a r  w e i g h t  on a s e m i l o g  scale 
versus relative mobility (R^) for proteins of molecular 
weights from 14,200 daltons to 205,000 da 1tons on a 
12.5% acrylamide gel.
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Plate 3. SDS-polyacrylamide gel electrophoresis of E i m eria 
falciformis proteins.
F i g u r e  4. P r o t e i n  p r o f i l e s  of v a r i o u s  s t a g e s  of E. 
falciformis following SDS-PAGE in an 11% acrylamide gel 
w h i c h  was stained w i t h  C o o m a s s i e  blue. A, oocysts; 
sporozoites; C, merozoites; D, n o r m a l  cell lysate; E, 
Sigma SDS70L molecular weight standards.
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Plate 4. Prot e i n  profiles of various* stages of E i m e r  ia 
falciformis.
Figure 5. S D S - p o l y a c r y 1a m i d e  gel e l e c t r o p h o r e s i s  of E. 
fa I c iformis proteins. Gel c o n t a i n e d  7.5% a c r y l a m i d e  
and was stained w i t h  C o o m a s s i e  blue. A, oocysts; B, 
sporozoites; C, mero z o i t e s ;  D, n o r m a l  cell lysate; E, 
Sigma SDS200 molecular weight standards.
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Plate 5. Comparisons of stage specific reactions to immune 
sera by oocysts, sporozoites and merozoites of E i m eria 
falciformis.
Figure 6. Western blot analysis of oocyst antigen on nitro­
cellulose recognized by immune sera generated by varied 
i m m u n i z a t i o n  protocol. A, strip tr e a t e d  w i t h  i m m u n e  
serum generated by gavage inoculation with oocysts; B, 
strip treated with immune serum generated by IV inocu­
lation with live merozoites; C, strip treated with immune 
serum generated by IP inoculation with lysed merozoites; 
D, ERL prestained molecular weight standards.
Figure 7. Immunochemical detection of sporozoite antigen on 
n i t r o c e l l u l o s e  by v a ried types of i m m u n e  sera and 
h o r s e - r a d i s h  p e r o x i d a s e  c o n j u g a t e d  a n t i - m o u s e  IgG A, 
strip treated w i t h  i m m m u n e  s e r u m  g e n e r a t e d  by g a v a g e  
i n o c u l a t i o n  w i t h  oocysts ; B, strip t r e a t e d  w i t h  i m m u n e  
serum generated by IV inoculation with live merozoites; 
C, strip treated w i t h  i m m u n e  s e r u m  g e n e r a t e d  by IP 
inocu l a t i o n  w ith lysed m e r o zoites; D, BRL p r e s t a i n e d  
molecular weight standards.
Figure 8. Merozoite antigens detected on nitrocellulose by 
immune sera generated by varied protocol and conjugated 
anti-mouse antibody A, strip treated with immune serum 
ge n e r a t e d  by gavage i n o c u l a t i o n  of o o c y s t s  ; B , strip 
treated with immmune serum generated by IV inoculation 
of live merozoites; C, strip treated with immune serum 
generated by IP inoculation of lysed merozoites; D, BRL 
prestained molecular weight standards.
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Plate 6, I m m u n o d e t e c t i o n  of antig e n s  by three types of 
immune sera.
F i g u r e  9. W e s t e r n  b l o t  a n a l y s i s  of a n t i g e n s  of E. 
falciformis on nitrocellulose recognized by immune sera 
raised by gavage inoculation with sporulated oocysts A, 
oocysts; B, sporozoites; C, m e r o z o i t e s ;  D, BRL p r e ­
stained molecular weight standards.
Figure 10. Immunochemical detection of E. falciformis anti­
gens on nitrocellulose when treated with immune serum 
raised by IV inoculation with merozoites and conjugated 
anti-mouse antibody A, oocysts ; B, sporozoites; C, m e r o ­
zoites; D, BRL prestained molecular weight standards.
Figure 11. E. falciformis antigens detected on nitrocellu­
lose by immune serum raised by IP inoculation with lysed 
m e r o z o i t e s  and conj u g a t e d  a n t i - m o u s e  a n t i b o d y  A, o o ­
cysts; B, sporozoites; C, merozoites; D, BRL prestained 
molecular weight standards.
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Plate 7. R a d i o-label led surface p r o t e i n s  of v a r i o u s  s t a g e s  
of E i m eria falciform i s .
Figure 12. Autoradiographic patterns of labelled sur­
face proteins of various stages of E. ^a%c]_^orm_i^ A, 
oocysts; B, sporozoites; C, m e r o z o i t e s ; D, BRL p r e ­
stained molecular weight standards.
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DISCUSSION
The role of the h u m o r a l  i m m u n e  r esponse to coccidial 
i n f e c t i o n s  is not well understood. It has been sugge s t e d  
t h a t  the h u m o r a l  r e s p o n s e  m a y  act as a m o d i f i e r  of the 
c e l l u l a r  r e s p o n s e  or as the host's initial line of d e f e n s e  
a g a i n s t  t h e  p a r a s i t e  (68). A l t h o u g h  the p r e s e n c e  of 
p a r a s i t e - s p e c i f i c  a n t i b o d y  has been m e a s u r e d  and typed in 
host serum, the parasite antigens that are responsible for 
inducing the host immune response have not been identified 
(3, 37, 68). In this investigation, SDS-polyacrylamide gel
e l e c t r o p h o r e s i s ,  w e s t e r n  b l o t t i n g  a n d  s u r f a c e  r a d i o -  
iodination were used to study the proteins of E. falciformis 
and to d e t e r m i n e  w h i c h  of these proteins w e r e  capable of 
eliciting a humoral antibody response in mice.
S D S - p o 1y a e r y 1a m i d e  gel e l e c t r o p h o r e s i s  has b e c o m e  a 
popular tool in research involving the coccidia. This pro­
cedure has been used to study the proteins of the micronemes 
and d e n s e  g r a n u l e s  of zoites of S a r c o c y s t is t e n e 1 1 a (14). 
In conjunction with immunoprécipitation, SDS-PAGE has been 
u s e d  in the i s o l a t i o n  and p u r i f i c a t i o n  of T o x o p l a sma and 
Plasm odium antigens (4, 24). In the present study, SDS-PAGE 
and w e s t e r n  b l o t t i n g  w e r e  used as a first step in i d e n t i ­
f ying those a n t i g e n s  w h i c h  elic i t  the h u m o r a l  i m m u n e  
r e s p o n s e  in m i c e  to E. f . a j ^ c _ i f _ o r m P r o t e i n  p r o f i l e s  in 
SDS-PAGE of sporulated oocysts, sporozoites and merozoites 
of E . fa 1c i fo r m i s  r e v e a l e d  that all three p a r a s i t e  stages
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had n u m e r o u s  c o m m o n  proteins as well as several unique 
p r o t e i n s .
O o c y s t s  and s poro z o i t e s  of E. f a 1ci f o r mis shared ma n y  
p r o t e i n  bands w h i c h  was e x p e c t e d  since s p o r u l a t e d  oocysts  
contain eight fully developed sporozoites. The sample lane 
containing oocyst material, however, did not contain all the 
protein bands found in sporozoites. The oocyst lane should 
have also had proteins from the oocyst wall, polar granule, 
sporocyst and sporocyst residuum. Solubilizing oocysts was 
inordinately difficult which resulted in few protein bands 
on S D S - P A G E  (Fig. 4, 5).
S t o t i s h  (1978) r e p o r t e d  s i m i l a r  d i f f i c u l t i e s  in 
s o l u b i l i z i n g  o o c y s t s  of Earneri^a tene 11a. Stotish (1978) 
found the o o cyst wall of E. t e n e 11a was c o m p o s e d  of t w o  
layers, an outer layer, 10 nm thick, that contained 80% of 
the lipid found in the oocyst and an inner layer, 90 n m  
thick, c o m p o s e d  of glycoprotein. The outer layer of the 
oocyst wall of E. tenella was also found to be insoluble in 
d i t h i o t h r e i t o  1 and urea and only parti a l l y  soluble (less 
than 10%) in 2% sodium dodecyl sulfate. Debris in the wells 
c o n t a i n i n g  o o c y s t  s a m p l e s  of E. f a l c i f o r m i s  in this study, 
may contain a fraction similar to the insoluble fraction of 
the oocyst wall of E. tenella reported by Stotish (1978).
Oocysts, sporozoites and merozoites of E. falciformis 
each c o n t a i n e d  a 46,000 da 1ton protein. H a m m o n d  ( 197 3 )
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e x p l a i n e d  that t h r o u g h o u t  the d e v e l o p m e n t  of E i m e r i a  spp. 
the o u t e r  m e m b r a n e  of the s p o r o z o i t e  b e c o m e s  the outer 
membrane of the merozoite which becomes the outer membrane 
of the macrogamont. However, 1actoperoxidase iodination of 
E. fa l c i f o r mis s h o w e d  the 46,000 da 1ton protein was not a 
surface protein. It is possible this protein was associated 
w i t h  the p a r a s i t e  nucleus or c y t o p l a s m  since these c o m p o ­
nents are also passed from one stage to the next throughout 
development.
W e s t e r n  b l o t t i n g  t e c h n i q u e s  w e r e  used to d e t e r m i n e  
which proteins of oocysts, sporozoites and merozoites of E. 
f a l c i f o r m is s e p a r a t e d  by S D S - P A G E  gels were capable of 
eliciting a humoral immune response. Western blotting is a 
t e c h n i q u e  in w h i c h  prote i n s  are t r a n s f e r r e d  from gels to 
nitrocellulose or other membranes to free them from the gel 
matrix and make them more accessible to immunochemical m a n i ­
pulation. These proteins may then be treated with immuno- 
reactive sera and conjugated antibodies to visualize immuno- 
specific reactions.
O o c y s t s ,  s p o r o z o i t e s  a n d  m e r o z o i t e s  of E ^ m e  r _i a 
falciformis displayed few or no common antigens when treated 
w i t h  i m m u n e  sera. S p o r u l a t e d  oo c y s t s  w h i c h  c o n t a i n  fully 
d e v e l o p e d  sporozoites, should have c o n t a i n e d  s p o r o z o i t e  
a n t i g e n s  as well as a few u n i q u e  o o c y s t  antigens, yet o o ­
cysts and s p o r o z o i t e s  s h a r e d  only t w o  antigens. In fact, I 
found no c o m m o n  a n t i g e n s  a m o n g  oocysts, s p o r o z o i t e s  and
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m e r o z o i t e s .  In contrast, Kasper (1984) r e p o r t e d  shared 
antigens between sporozoites and tachyzoites of Toxoplasma 
gpndii which were detected by polyclonal as well as m o n o ­
clonal antibodies. Kouwenhoven and Kuil (1976) showed that 
sporozoites and merozoites of Eimeria tene11a share several 
antigens by indirect fluorescent antibody assays.
The 46,000 da 1ton protein shared by oocysts, s p o r o ­
zoites and m e r o z o i t e s  of E. f a lcifo r m i s  was not antigenic. 
Abbas (1983) noted a similar phenomenon when a major protein 
of zoites of S a r c ocystis m uris was not p r e c i p i t a t e d  w i t h  
immune sera. The protein described by Abbas (1983) and the
46,000 dalton protein in this study may be major structural 
proteins associated with nuclear or cytoplasmic material as 
previously suggested.
It is likely that merozoites play a more important role 
in i n d u c i n g  i m m u n i t y  than spor o z o i t e s  or oocysts b e c ause  
they occur in much greater numbers. Previous studies have 
also shown that the immune response appears to be directed 
a g a i n s t  the m e r o g o n o u s  stages. Mes fin and B e l l a m y  (1 980) 
found that sporozoites and merozoites of E. faIciform is v a r . 
praqensis reacted with IFA, whereas oocysts and sporocysts 
did not. Kasper ( 1984) s u g g e s t e d  that the e x t e r i o r  of the 
oocysts of Toxoplasma gondii was not antigenic because fluo­
r e s c e n t  a n t i b o d y  labelled the i nterior only of b r o k e n  o o ­
cysts. In this study, the o o c y s t s  of E. f a l c i f o r m is dis-
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p l a y e d  no f e w e r  an t i g e n s  d u r i n g  i m m u n o d e c t i o n  than s p o r o ­
zoites and merozoites treated with the same immune sera.
The a n i m a l s  in this i n v e s t i g a t i o n  w ere i m m u n i z e d  by 
t h r e e  d i f f e r e n t  routes. T h ose inoculated by gavage w i t h  
o o c y s t s  of E. fa l c i f o r mis w e r e  exposed to all p a r a s i t e  
stages and b e c a m e  i m m u n e  as the result of a n o rmal i n f e c ­
tion. A n o t h e r  g r o u p  of m i c e  was inoculated IV w i t h  live 
m e r o z o i t e s  in an a t t e m p t  to induce a humoral r esponse 
against merozoite surface proteins. However, studies with 
o ther species of E i mer ia i n f e c t i n g  avian hosts have s hown  
that normal infections result when various parasite stages 
are i n o c u l a t e d  IV (3, 10, 72). Thus, it is likely that
a n i m a l s  in this study that w e r e  inoculated IV w i t h  m e r o ­
zoites a l s o  e x p e r i e n c e d  an infection. If so, then such 
a n i m a l s  w o u l d  have been e x p osed to nearly all paras i t e  
antigens, e s p e c i a l l y  those of g a m o n t s  and oocysts. The 
third group of mice was inoculated IP with lysed merozoites. 
Thus, t h e s e  m i c e  w e r e  e x p o s e d  to m e r o z o i t e  antigens only.
All three sera g e n e r a t e d  by the above i m m u n i z a t i o n  
protocols recognized four oocyst antigens of E. falciformis 
w i t h  r e l a t i v e  m o l e c u l a r  w e i g h t s  of 17,900, 18,500, 19,600 
and 20,800. T h e s e  a ntigens e v i d e n t l y  c o r r e s p o n d e d  to the 
proteins of 18,900, 19,400, 21,300 and 24,500 on
S D S - P A G E  (fig. 9). Even thou g h  these four p roteins appear 
to be shared by o o c y s t s  and s p o r o z o i t e s  on SDS-PAGE, none 
of the three sera d e t e c t e d  the s p o r o z o i t e  proteins in
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Western blots. Mice inoculated by gavage with oocysts of E. 
falciform is were the only animals that were directly exposed 
to o o c y s t  a n t i g e n s  and yet sera from the other two animal 
g r o u p s  r e c o g n i z e d  uniq u e  o o c y s t  antigens. Since s erum 
raised by IV inoculation of live merozoites recognized oo­
cyst antigens, it s e e m s  likely that a normal infection 
o c c u r r e d  w i t h  the hosts being e x p o s e d  to oocyst antigens. 
Additionally, serum raised by IP inoculation of lysed m ero­
zoites r e c o g n i z e d  t w o  oocyst antigens. S e r u m  raised by 
g a v a g e  i n o c u l a t i o n  of o o c y s t s  or by IV inoculation of live 
m e r o z o i t e s  r e c o g n i z e d  an o o cyst a n t igen of 17,000 da 1 - 
tons. S e r u m  r a i s e d  by IP i n o c u l a t i o n  of lysed m e r o z o i t e s  
shared no common antigens with the other two sera.
T w o  of the three i m m u n e  sera r e c o g n i z e d  sporozoite- 
specific antigens. Immune serum raised by gavage inocula­
tion recognized sporozoite antigens of M^ 24,800, 41,200
and Mj, 47,000 of which the latter two may correspond to the 
44,900 and 50,400 major proteins on SDS-PAGE. The
50,400 protein was shared by sporozoites and merozoites on 
S D S - P A G E  but w a s  not d e t e c t e d  by this serum on m e r o z o i t e  
blots. Thus, even though these "shared" proteins migrate at 
s i m i l a r  rates and have s i m i l a r  m o l e c u l a r  w e i g h t s  they 
e v i d e n t l y  are not the s a m e  protein. By using m o n o c l o n a l  
a ntibodies, Ogata (1984) found t hree a n t i g e n s  of M W  43,000 
in a single stage of Toxoplasma gondii. In my study, immune
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s e r u m  r a i s e d  by IP i n o c u l a t i o n  of lysed m e r o z o i t e s  or by 
g a v a g e  i n o c u l a t i o n  of oocy s t s  r e c o g n i z e d  a 24,800 d a l t o n  
sporozoite antigen. Immune serum raised by IV inoculation 
of live merozoites recognized no unique sporozoite antigens.
Several methods of immunization were used in this study 
to identify antigens that are responsible for eliciting the 
humoral immune response in mice infected with E. falciformis 
The three immune sera identified several common antigens on 
merozoite preparations. Serum raised by gavage inoculation 
r e c o g n i z e d  a m e r o z o i t e  a n t igen of 20, 700 w h i c h  m a y  be 
analogous to the surface protein of 19,000 identified by 
a u t o r a d i o g r a p h y  on s u r f a c e - l a b e l l e d  merozoites. I m m u n e  
s e r u m  p r o d u c e d  by IV or IP i n o c u l a t i o n  reacted w i t h  an 
antigen of 29,000, which did not appear as a major mero­
zoite protein on SDS-PAGE. All three immune sera recognized 
a merozoite antigen of 19,000. The merozoite antigen of 
19,000 r e c o g n i z e d  by the three i m m u n e  sera could be a 
promising antigen against which to generate monoclonal anti­
bodies for the purpose of antigen isolation and subsequent 
i m m u n i z a t i o n  studies. W o r k  such as this w i t h  the m o u s e  
m odel s y s t e m  m a y  c o n t r i b u t e  to the d e v e l o p m e n t  of an 
e f f e c t i v e  v a c c i n e  a g a i n s t  Eimer_ia spp. t h a t  c a u s e  
coccidiosis in animals of economic importance.
The western blotting procedure and immunodetection have 
several limitations. During transfer, proteins less than M W
20,000 have been s h o w n  to m i g r a t e  t h r o u g h  0.45 p m  pores in
56
nitrocellulose which reduces the number of antigens 
available for immunodetection (41). Investigators working 
with insulin, a relatively small protein, have developed a 
photo reactive cross-linker to reduce the loss of the pro­
tein. Losses of small proteins may also be curbed by 
reducing the transfer time as well as the voltage at which 
the transfer occurs (33). High molecular weight proteins 
often do not transfer, however, when the time and voltage 
are reduced. The optimum time and voltage of 4 hr and 70V, 
respectively, were chosen for the range of molecular weight 
proteins in this study (33).
During immunodetection the unbound areas on the nitro­
cellulose membranes must be blocked to prevent nonspecific 
binding of immunoreactive proteins. Unbound areas may be 
blocked physically by occupying the unbound sites with non­
reactive proteins or blocked chemically by treating the 
nitrocellulose membrane with a mild detergent to disrupt 
hydrophobic interactions which would allow contaminating 
proteins to bind. A combination of blocking methods were 
chosen for this study. Milk proteins were used as the 
initial blocking agent and Tween 20 (an effective blocking 
agent when used alone) was incorporated into the washes (6). 
Spinola (1985) reported the loss of immunodetected bands 
when using milk proteins to block unbound sites. At the risk 
of detecting fewer bands during immunodection, milk proteins
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w e r e  used as a b l o c k i n g  agent in this study b e c a u s e  they 
dramatically reduce background staining.
Non-specfic detection may be due to impure antibody as 
well as incomplete blocking (7), Ammonium sulfate precipi­
t a t i o n  w a s  c h o s e n  to isolate the IgG fraction from sera 
b e c a u s e  it can be done q u i c k l y  w i t h o u t  affec t i n g  a n t i b o d y 
reactivity. However, precipitated antisera gave no reaction 
during immunodetection (53). Since the immune sera titers 
were low, the small amount of specific antibody was probably 
lost d u r i n g  the p u r i f i c a t i o n  process. Because of this, 
unpurified sera was used for this study.
Kan (1984) s u g g e s t e d  a n o ther e x p l a n a t i o n  for apparent 
non-specific immunodetection. Kan (1984) found that serum 
f r o m  n o n - i n f e c t e d  c o n t r o l s  r e a c t e d  w i t h  Pj^^^mod^u m 
falciparum proteins. Blots of merozoites of P. falciparum 
t r e a t e d  w i t h  n o r m a l  and i m m u n e  s e r u m  d i s p l a y e d  the same 
antigens but in varying concentrations. Kan (1984) suggest­
ed t h a t  .the h u m o r a l  r e s p o n s e  to P. j^c_ipa r u m  is a
heightened response to multiple antigens.
Inconsistencies in immunodetection may have also been 
due in part to the fact that the o r g a n i s m s  used in this work 
w e r e  not d e r i v e d  from clones. G e n e t i c  h e t e r o g e n i t y  of 
Trypanosoma cruz i populations infecting patients afflicted 
w i t h  C h a g a s  d i s e a s e  h a v e  b e e n  d o c u m e n t e d  in s t u d i e s  
i n v o l v i n g  g r o w t h  kinetics, i n t r a c e l l u l a r  d e v e l o p m e n t  and 
a n t i g e n i c i t y  (8, 16, 17). D o u g l a s  s ( 1 9 8 3) f o u n d  t h a t
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second, third and fourth merozoite generations were present 
at 5 DPI in m i c e  w i t h  o o c y s t s  of E. f a l c i f o r mis. Thus, the 
m e r o z o i t e s  used in m y  study c o n s i s t e d  of m e r o z o i t e s  from 
three merogonous generations.
Antigens that are on the surface of these parasites are 
likely to e l i c i t  a h u m o r a l  i m m u n e  response. To identify 
these antigens, oocysts, s p o r o z o i t e s  and m e r o z o i t e s  of E, 
falciformis were radio-iodinated with using lactoper-
o x i d a s e .  S p o r u l a t e d  o o c y s t s  a n d  s p o r o z o i t e s  of E. 
f a I c i f o r m i s  a p p e a r  to share an iodinated surface protein 
which migrated between the 97,400 M W M  and the 68,000 MWM. It 
is unlikely that these are the same proteins, however, since 
s p o r o z o i t e s  w i t h i n  oocy s t s  should not have been i odinated 
due to the p r e s e n c e  of an intact oocyst wall. Sporozoites 
and merozoites possibly share a surface protein of 16,000 
indicating that this surface protein may be conserved during 
development of sporozoites to merozoites. Relatively more 
of this p r o t e i n  w a s  p r e s e n t  in s p o r ozoites than in m e r o ­
zoites. With monoclonal antibodies, Kasper (1984) identi­
fied common antigens on sporozoites and tachyzoites of Toxo- 
p l a s m a  g o n d i i but a l s o  found that they o c c u r r e d  in unequal 
a m o u n t s  in each stage. K a sper (1984) sugg e s t e d  that during 
d e v e l o p m e n t  T. g o n di i p r o b a b l y  d i s p l a y s  v a r i a t i o n s  in 
expression and repression of its antigens.
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Several investigators have shown that lactoperoxidase 
treatment of various protozoa labels surface proteins only 
( 1 , 23 , 30 ). However, this p r o c e d u r e  also has limitations. 
For instance, on m e m b r a n e  surfaces, 1a c t o p e r o x i d a s e  c a t a ­
lyses the i o d i n a t i o n  of e x p o s e d  tyrosine rings that are 
c o n f o r m a t i o n a l l y  a c c e s s i b l e  to the large 1 a c t o p e r o x i d a se 
m o l e c u l e  (31). In addition, Stotish (1978) found that the 
o o c y s t  wall of E. tene11a has a 10 nm thick outer lipid 
layer that covers a inner protein layer. Thus, this outer 
lipid layer may obstruct the 1actoperoxidase molecule from 
iodinating oocyst wall proteins. Although the composition 
of the o o c y s t  wall of E. f a 1 ci formis has not been d e t e r ­
mined, it is possible that a lipid layer similar to that of 
E. t e n e 1 1a m a y  have caus e d  l i m i t e d  binding of iodine to 
p r o t e i n s  in the o o c y s t  wall. Also, the lactoper o x i d a s e -  
c a t a l y z e d  i o d i n a t i o n  of p roteins uses H 2 O 2 as an oxidant. 
Exce s s  H 2 O 2 m a y  d a m a g e  cell m e m b r a n e s  and a l l o w  for the 
iodination of internal proteins. However, the strength of 
the o o c y s t  wall and the t r i m e m b r a n o u s  pelli c l e  of s p o r o ­
zoites and merozoites of E^ falciformis should have prevent­
ed this event.
In conclusion, this study identified several proteins 
c a p a b l e  of e l i c i t i n g  the h u m o r a l  i m m u n e  response of m ice  
i n f e c t e d  w i t h  E . f a l c i f o r mis. By using SDS-PAGE, W e s t e r n  
b l o t t i n g  and surface iodination, I found that oocysts, 
s p o r o z o i t e s  and m e r o z o i t e s  each p o s s e s s  uniq u e  antigens.
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O nly c e r t a i n  p r o t e i n s  of E. f.a_l c_i f_or were found to be
a n t i g e n i c  and only s o m e  of these a ntigens were located on 
the surface of the parasite, others were internal antigens. 
Further study is needed in order to determine which antigens 
may be responsible for the induction of protective immunity 
in m i c e  a g a i n s t  E. fa l c i f o r m i s  and to w h a t  extent h u m o r a l  
antibodies are involved in protective immunity.
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SUMMARY
P r o t e i n s  of E i m e r i a  f a l c i f o r m i s  w ere s e parated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis. 
Oocystsf sporozoites and merozoites shared one major protein 
b a n d  of M^ 46,000. Oocysts and s p o r o z o i t e s  shared several 
low molecular weight proteins while those shared by sporo­
zoites and m e r o z o i t e s  w e r e  greater than M W  50,000. Each 
stage c o n t a i n e d  several p roteins unique to their protein 
profiles. Oocysts, sporozoites and merozoites were surface 
r a d i o - i o d i n a t e d  w i t h  1 actoperoxidase. Autoradiography re­
vealed that each stage had unique surface proteins. Oocysts 
had three radio-labelled proteins between M W  35,000 and MW
57,000 and two high m o l e c u l a r  w e i g h t  proteins above M w  
80,000. S p o r o z o i t e s  had three surface proteins ranging in 
molecular weight from 20,000 to 98,000 while all five m e r o ­
zoite s u r f a c e  prot e i n s  w e r e  b e l o w  M W  53,000. Parasitic  
p r o t e i n s  w e r e  t r a n s f e r r e d  to n i t r o c e l l u l o s e  f r o m  SDS- 
po 1 yacr y 1 amide gels by western blotting. Subsequent i m m u n o ­
detection after treatment with immune sera revealed antigens 
w h i c h  m a y  be r e s p o n s i b l e  for the h u m o r a l  i m m u n e  response. 
Oocyst, sporozoite and merozoite preparations were treated 
w i t h  i m m u n e  sera r a i s e d  by oral inoculation, intravenous 
inoculation with intact merozoites or intraperitonea1 inocu­
lation w i t h  lysed m e r o z o i t e s  of the host M u ^  m u s c u 1u s . 
A n t i g e n s  of o o c y s t s  and s p o r o z o i t e s  w e r e  d e t e c t e d  by each 
s e r a  b u t  m e r o z o i t e s ,  t h e  s t a g e  t h o u g h t  to be m o s t
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i m m u n o g e n i c ,  gave the m o s t  c o n s i s t e n t  results. All sera 
detected an antigen of 19,000 on merozoite preparations
which corresponds to a surface labelled protein on iodinated 
m e r ozoites.
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